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Edited by Amy McGoughAbstract Centrins are members of the calcium-binding EF-
hand protein superfamily which can be divided into two subfam-
ilies, probably associated with diﬀerent functions: one related to
Chlamydomonas reinhardtii centrin, CrCenp, and the other, rep-
resented by Saccharomyces cerevisiae isoform, ScCdc31p. ESTs
encoding the two isoforms (BeCen1 and BeCen3) from the chy-
tridiomycete Blastocladiella emersonii were isolated, and expres-
sion of the CrCenp-type centrin, BeCen1, was analyzed
throughout the fungus life cycle. Becen1 mRNA levels increase
transiently during sporulation and protein levels present a similar
pattern. Immunolocalization studies seem to localize BeCen1 at
the basal body zone and in the cytoplasm surrounding the nuclear
cap, a zoospore organelle.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Centrin, also known as caltractin, is a member of the cal-
cium-binding EF-hand protein superfamily usually localized
at microtubule-organizing centers (MTOCs), such as basal
bodies, spindle pole bodies (SPBs), nuclear associated bodies,
or centrosomes. Initially isolated from ﬂagellar roots in the
unicellular green alga Tetraselmis striata [1], centrin homo-
logues were discovered in divergent eukaryotic organisms such
as fungi [2,3], plants [4–6], vertebrates [7,8] and protists [9,10].
Centrin seems to be involved in diverse processes such as
nucleotide excision repair [11], signal transduction in photore-
ceptor cells [12] and nucleus–cytoplasm mRNA transport.
However, the best characterized functions are calcium-depen-
dent contraction of ﬁbers from ﬂagellated cells, which are in-
volved in localization, orientation and segregation of basal
bodies, andMTOCs duplication, essential for mitosis [2,13–16].
Despite the multiplicity of processes which seem to directly
include centrin for proper execution and its ubiquity, thisAbbreviations: ORF, open reading frame; RACE, random ampliﬁca-
tion of cDNA ends; Ab, polyclonal antiserum; mAb, monoclonal
antiserum; IPTG, isopropyl-l-thio-D-galactopyranoside; EGTA,
ethylene glycol-bis(2-aminoethylether)-N,N,N 0,N 0-tetraacetic acid;
SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electropho-
resis; PBS, phosphate buﬀer saline
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doi:10.1016/j.febslet.2005.06.075family was considered homogeneous until Middendorp and
colleagues [13] suggested the existence of two divergent
subfamilies which might be involved in distinct MTOCs-
associated functions: one deﬁned by the centrin of the green
alga C. reinhardtii (CrCenp), related to three mammalian
centrins (HsCen1p, HsCen2p and MmCen1p) and associated
to contractile functions, and the other characterized by the
Saccharomyces cerevisiae ScCdc31p, closer to two mamma-
lian centrins, HsCen3p and MmCen3p, and related to MTOC
duplication.
The ﬁnding of both kinds of centrin in several eukaryotes
gave rise to the question whether all eukaryotes would possess
the two types of genes. In fungi, only genes encoding proteins
similar to ScCdc31p were described until now. One structure
common to ﬂagellar basal bodies and centrosomes are centri-
oles, which are absent in fungal usual MTOCs, the SPBs.
The fact that S. cerevisiae has no ﬂagellar apparatus was sug-
gested as an explanation for the absence of a CrCenp-like cen-
trin; the second gene could have been lost secondarily, due to
the loss of function associated with it [13]. In agreement with
this hypothesis, there is the notion that centrioles present in
early-diverging fungi as chytridiomycetes, were lost in all the
other fungi [17].
Blastocladiella emersonii is an aquatic fungus of the chytrid-
iomycete class, group of fungi which possesses a ﬂagellated
stage during its life cycle, the zoospore. The cycle begins with
the germination of the zoospore into a vegetative cell, which is
capable of proliﬁc coenocytic growth, giving rise to a multinu-
cleated cell. The vegetative cell can be induced to sporulate at
any time by replacing the growth medium with media lacking
nutrients, a process which culminates with the production of
new zoospores. Both germination and sporulation are charac-
terized by drastic morphological and biochemical changes,
which involve both transcriptional and post-trancriptional
controls [18].
During this work, we have investigated whether B. emersonii
could have centrin genes belonging to the two diﬀerent sub-
families. Several expressed sequences tags (ESTs) were isolated
from this fungus which could be associated with both subfam-
ilies and the expression of the CrCenp-like centrin was evalu-
ated. This is the ﬁrst characterization of a CrCenp-like
centrin in fungi.2. Materials and methods
2.1. Culture conditions
Cultures of B. emersonii were maintained and synchronized for
RNA extraction as previously described [19].blished by Elsevier B.V. All rights reserved.
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Four ESTs encoding the complete 525 bp Becen1 open reading frame
(ORF) (Accession No. DQ112161) and two ESTs encoding 218 bp of
the C-terminal region of Becen3 ORF (Accession No. DQ112162) were
isolated from diﬀerent B. emersonii cDNA libraries, constructed as
described elsewhere [19]. In addition, a DNA fragment encompassing
286 bp of the N-terminal region of Becen3 ORF was obtained by ran-
dom ampliﬁcation of cDNA ends (RACE)-PCR ampliﬁcation using the
BD SMART RACE cDNA kit (Clontech) and the antisense primer 5 0-
GATCTTGCCCTTCTTGTCCGTGT-3 0. PCR was carried out with
35 cycles using 5% DMSO (5 cycles: 30 s at 94 C, 30 s at 40 C,
2 min at 72 C; 5 cycles: 30 s at 94 C, 30 s at 43 C, 2 min at 72 C;
25 cycles: 30 s at 94 C, 30 s at 46 C, 2 min at 72 C). The DNA frag-
ment was cloned into the pGEM-T vector (Promega).
2.3. Nucleotide sequence analysis and protein sequence comparison
Sequencing reactions were carried out on both strands using T7 and
SP6 primers, and the ABI Prism BigDye Terminator Sequencing Kit
(Applied Biosystems). The sequences were run on the ABI3100 auto-
matic sequencer instrument. Sequence comparisons were performed
based on BLASTX [20] best-hits against non-redundant database at
NCBI. Deduced amino acid sequences were aligned using Multialin
[21] and neighbor-joining trees were constructed as described elsewhere
[19] following a Poisson model.Fig. 1. (A) Alignment between the predicted protein sequences for BeCen1
calcium-binding loops are shown in light gray boxes; amino acids divergent
BeCen3 sequences). Amino acids with conﬂicting evidence about their calciu
are in bold in BeCen3. Conserved proline or serine/threonine between second
joining tree using centrins from CrCenp-type and ScCdc31p-type. Be: B. emer
C. reinhardtii, Xl: Xenopus laevis, Sc: S. cerevisiae. Bootstrap values higher
calmodulin sequences (CaM) were used as outgroup.2.4. Northern blot
Total RNA was extracted from synchronized cells at diﬀerent
stages of B. emersonii developmental cycle, using the Trizol method
(Life Technologies), and Northern blots were performed as previ-
ously described [22] with some modiﬁcations. RNA was transferred
to Hybond N+ membranes (Amersham) and EcoRI/NotI fragments
from the sequenced library clones were used as probes. The hybrid-
ization signals were normalized using the 28S rRNA signal detected
using as probe a 32P-labeled fragment of B. emersonii 28S rRNA
cDNA clone.
2.5. Expression of recombinant BeCen1 and rabbit immunization
The EcoRI/HindIII cDNA fragment encoding the complete
B. emersonii Cen1 protein (BeCen1) was cloned in frame into the
expression vector pMAL-c2 (NEBioLabs), which was used to trans-
form Escherichia coli DH5a strain. Expression of the fusion protein
BeCen1-maltose binding protein (MBP) was induced by the addi-
tion of 0.6 mM isopropyl-l-thio-D-galactopyranoside (IPTG). Bacte-
rial lysis and fusion protein puriﬁcation were performed according
to the manufacturer, except for the aﬃnity chromatography proce-
dure which was carried out in batch. The fusion protein BeCen1-
MBP was then used for the immunization procedure, which
consisted of four 300 lg boosts to one female rabbit, every three-
weeks., CrCenp, BeCen3 and ScCdc31p. EF-hand domains are underlined;
from consensus are in dark grey boxes (only indicated in BeCen1 and
m-binding capacity are indicated by arrowheads. Conserved tyrosines
and third EF-hand domains are indicated by an arrow. (B) Neighbor-
sonii, Hs:Homo sapiens, Mm:Mus musculus, Rn: Rattus norvegicus, Cr:
than 50 are indicated over each node. B. emersonii and C. reinhardtii
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Protein extracts and Western blot experiments were performed as
previously described [23], with minor modiﬁcations. Anti-rabbit IgG
Ab conjugated with horse radish peroxidase (Sigma) was used as sec-
ond antibody. The complexes were visualized using the ECL detection
kit (Amersham Pharmacia Biotech).
2.7. Calcium-binding assay
Recombinant protein BeCen1 was cleaved from the MBP by adding
the protease factor Xa (1 mg/ml) to the elution buﬀer containing
20 mM maltose. The elution product (4 ml) was concentrated 10 times
by centrifugation using a membrane with 10 kDa of cut-oﬀ (Amicon).
After that, 10 ll-aliquots were incubated with Ca2+ (2 mM) or ethylene
glycol-bis(2-aminoethylether)-N,N,N 0,N 0-tetraacetic acid (EGTA)
(5 mM), and mixed with Laemmli buﬀer (1:1) [24]. After boiling the
samples for 5 min, Ca2+ binding to recombinant BeCen1 was evaluated
considering the mobility shift in sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS–PAGE) (12%).
2.8. Immunolocalization experiments
Zoospores obtained from PYG agar were harvested in distilled
water and ﬁxed in phosphate buﬀer saline (PBS) containing 4% p-
formaldehide for 30 min. After two washes with PBS followed by cen-
trifugations (RT, 1000 · g, 3 min each) cells were ﬁxed to slides by dry-
ing at 37 C. After washing with distilled water, immunolocalization
experiments were carried out as previously described [25] with minor
changes. As secondary antibody was used anti-rabbit IgG Ab coupled
to alexa-ﬂuor 488 mixed with 0.001% Hoescht 33342 (Molecular
Probes). Slides were mounted with 50% glycerol in PBS, pH 8.0, and
examined under a Nikon Microphot-FX epiﬂuorescence microscope.
Images were captured with the Image-Pro Plus software (Media Cyber-
netics).Fig. 2. (A) BeCen1 mRNA levels during B. emersonii sporulation.
Total RNA was isolated from synchronized cells at diﬀerent times after
induction of sporulation until zoospore discharge and resolved by
agarose gel electrophoresis. Top: Autoradiogram of the Northern blot.
Bottom: Densitometric proﬁle of the autoradiogram normalized using
the 28S rRNA signal. (B) BeCen1 protein levels during B. emersonii
sporulation. Protein extracts were obtained from synchronized cells at
diﬀerent times after induction of sporulation until zoospore discharge
and resolved by SDS–PAGE. b-tubulin, whose levels do not change
signiﬁcantly after 60 minutes of sporulation, was visualized with anti-
b-tubulin mAb and used as a control. Top: Autoradiograms of the
Western blot. Results obtained using anti-BeCen1 Ab and anti-
HsCen2 Ab are shown. Bottom: Densitometric proﬁle of the autora-
diogram with anti-BeCen1 normalized with respect to b-tubulin signal.3. Results
3.1. Comparative analysis between BeCen1 and BeCen3 deduced
protein sequences
cDNA consensus sequences of Becen1 and Becen3 were used
to perform sequence comparison based on BLASTX best-hits
against GenBank database. The best-hit recorded using the
consensus for BeCen1 was with gold algae Ochromonas danica
centrin, presenting 77% identity and 87% similarity. The nucle-
otide sequence corresponding to BeCen3 reported best-match
with Schyzosaccharomyces pombe cdc31p, with 59% identity
and 84% similarity (Fig. 1A).
Amino acid sequence comparison revealed characteristics
that place BeCen1 together with centrins of CrCenp-type and
BeCen3 closer to ScCdc31p-type. In addition, comparison be-
tween Becen1 and Becen3 showed that they share 52% amino
acid identity and 72% amino acid similarity, percentages lower
than the values recorded for members of the same subfamily
[13]. Conserved amino acids [13,26] are maintained in both
B. emersonii centrins as indicated in Fig. 1A, including two res-
idues (LY) in the carboxy-terminal region of BeCen1.
A neighbor-joining tree was constructed using previously de-
scribed centrins resolving BeCen1 and BeCen3 in two diver-
gent groups, also indicating that they belong to diﬀerent
subfamilies (Fig. 1B).
3.2. Characterization of BeCen1, a type of centrin not found in
late-diverging fungi
To investigate the pattern of BeCen1 mRNA expression
throughout B. emersonii life cycle, Northern blot experiments
were carried out. As depicted in Fig. 2A, the amount of Be-
Cen1 mRNA changes drastically during sporulation, reaching
maximum levels 90 min after induction of this diﬀerentiationstage. The amount of BeCen1 mRNA decreases after that,
remaining low also during germination (data not shown).
The amount of BeCen1 protein presents a similar pattern of
variation, as determined in Western blot assays using a speciﬁc
anti-BeCen1 Ab, with maximum levels observed around 120–
150 min of sporulation (Fig. 2B). We also evaluated the
cross-reactivity of BeCen1 with antisera raised against human
centrins (anti-HsCen1p, anti-HsCen2p and anti-HsCen3p) and
antisera against ScCdc31p, Tetrahymena termophila Cenp and
20H5 mAb. Only anti-HsCen2p showed cross-reactivity,
recognizing a 20 kDa band with the same pattern of variation
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reinforce the idea that BeCen1 is closer to CrCen-type centrins.
Since centrins are EF-hand proteins, we investigated the
Ca2+ binding capacity of the recombinant BeCen1 protein by
analyzing its mobility on SDS–PAGE, after incubation in
the presence or absence of calcium. The recombinant BeCen1
protein incubated in the presence of Ca2+ exhibited a small
but reproductive mobility shift when compared to the protein
in the presence of EGTA, suggesting that at least one of the
Ca2+ binding domains might be functional (Fig. 3).Fig. 3. SDS–PAGE of BeCen1 in presence or absence of calcium ion.
1, Puriﬁed fraction; 2, puriﬁed fraction plus 2 mM CaCl2; 3, puriﬁed
fraction plus 5 mM EGTA. MBP: maltose-binding protein. Mobility
shift is indicated with the arrows.
Fig. 4. Immunolocalization of BeCen1 in B. emersonii zoospores. Fixed zoosp
anti-BeCen1 antiserum (B,D) followed by incubation with alexagreen-anti-
antiserum and Hoescht counterstain. (C,D) Phase-contrast images. Basal bod
is indicated with arrowheads. (E,F) Drawings of B. emersonii zoospore show
nuclear cap; f, ﬂagellum (Modiﬁed from J. Deacon). See a transmission electr
at http://helios.bto.ed.ac.uk/bto/microbes/chytrid.htm for zoospore details.Finally, we investigated if BeCen1 is mainly localized at the
basal bodies, as described for other organisms, by an immuno-
ﬂuorescence assay using the anti-BeCen1 Ab and ﬁxed B.
emersonii zoospores. The ﬂuorescence observed showed a sig-
nal at the base of the ﬂagellar apparatus and also in the cyto-
plasm surrounding the nuclear cap, an organelle exclusive of
the zoospore (Fig. 4). These data suggest other possible func-
tions for BeCen1 in zoospores.4. Discussion
Chytridiomycetes together with zygomycetes, ascomycetes
and basidiomycetes are all known as ‘‘true fungi’’ [27]. Never-
theless, genetic, biochemical and cell biology studies have so
far been carried out mainly with ascomycetes like S. cerevisiae,
S. pombe and Neurospora crassa, which have proved to be
organisms of easy manipulation for these kinds of studies.
However, with the exception of chytridiomycetes, the other
three groups do not present ﬂagellated cells or centrioles-based
MTOCs, which have been considered secondarily lost during
evolution [17].
We isolated several ESTs from B. emersonii cDNA libraries,
corresponding to centrins of the two divergent subfamilies, one
related to CrCenp, not previously described in fungi. The cen-
trin with closer similarity to CrCenp, BeCen1, is present at
high levels in sporulation cells, and seems to localize at the
basal body zone in zoospores, suggesting a centriole-associatedores were incubated in the presence of pre-immune antiserum (A,C) or
IgG mAb. (A,B) Overlapped images obtained from localization with
y region is indicated with arrows and cytoplasm around the nuclear cap
ing swimming (E) and ameboid (F) forms: c, cytoplasm; n, nucleus; nc,
on micrograph from Reichle and Fuller (1967) in J. Deacon production
K.F. Ribichich, S.L. Gomes / FEBS Letters 579 (2005) 4355–4360 4359function, even though more speciﬁc assays, like immunogold
staining would be necessary to conﬁrm this result.
The BeCen1 protein presents maximum levels between 120
and 150 min of sporulation, when the larger of two centrioles
present throughout the life cycle (ca. 85 lm long) elongates to
become the basal body (ca. 450–500 lm long) [28]. This pro-
cess generally agrees with the described basal body and later
ﬂagellum formation in gametangia of another chytridiomyc-
ete, Allomyces arbuscula [29]. At the same time the transition
between caryokinesis and cytokinesis occurs in B. emersonii.
It is known that CrCenp is involved not only in basal body
orientation ﬁbers, but also in segregation events occurring
during mitosis [4]. The increase of BeCen1 levels during spor-
ulation could then be directly related to basal body formation
and to the developmental transition occurring during
B. emersonii life cycle, which would agree with Boveris pro-
posal that MTOCs coordinate nuclear and cytoplasmic divi-
sion (see [30]).
The migration pattern observed in SDS–PAGE with the re-
combinant BeCen1 protein in the presence of calcium did not
show the large mobility shift expected for four Ca2+-binding
domains, like that obtained for calmodulin [22]. According
to the consensus sequence of the Ca2+-binding sites [31], only
the third EF-hand domain was not expected to bind calcium
because of a threonine at position 5 and an asparagine at posi-
tion 12. However, aspartic acid at position 12 in the fourth
motif has been related to Mg2+-binding and it was shown that
Mg2+ is present in some reported cases [32]. In agreement with
this observation, only the ﬁrst two domains of BeCen1 would
bind calcium and could thus explain the small shift in migra-
tion detected. On the other hand, it has been reported that
some EF-hand proteins are not able to interact with calcium
ions in their denatured form [33], thus a partial refolding could
also explain the BeCen1 electrophoretic mobility pattern.
More sensitive measurements of calcium-binding must be done
to clarify these hypotheses.
The signiﬁcance of BeCen1 localization in the cytoplasmic
region around the nuclear cap is not clear. Paoletti and col-
leagues [3] found that more than 90% of the centrin in human
lymphoblastic cells is not associated with centrosomes. The
authors hypothesized that non-centrosomal centrin could
represent a pool necessary for centrosome biogenesis or for
centrosomal centrin turnover. Alternatively, they suggested
that centrin might function as a Ca2+-dependent signal trans-
lator like calmodulin. Recently, Fischer and colleagues [34]
suggested that ScCdc31p has a speciﬁc role in nuclear mRNA
export, in agreement with the ﬁnding that a cdc31 tempera-
ture-sensitive allele [30] produced mRNA export defects.
They also detected Cdc31-GFP on the nuclear envelope,
which had not been observed before. These data reinforce
the old idea that centrin, whatever the type, could have diﬀer-
ent and still unknown functions in the cytoplasm and
nucleus.
BeCen3 is presently being characterized and we have data
indicating that its mRNA is also expressed in sporulation cells
(Ribichich and Gomes, unpublished results). The maintenance
of two kinds of centrins in B. emersonii suggests that diﬀer-
ences between these proteins, which have a conserved struc-
ture, are crucial for developing diﬀerent functions. In this
sense, it would be interesting to investigate if BeCen3 is present
throughout the fungus life cycle or if it is limited to the stages
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